First-principles study of field-emission from carbon nanotubes in the presence of methane J. Vac. Sci. Technol. B 30, 021803 (2012) Effect of ballast-resistor and field-screening on electron-emission from nanodiamond emitters fabricated on micropatterned silicon pillar arrays J. Vac. Sci. Technol. The field-enhancement factor ␤ on an individual nanowire with flattop was calculated analytically by the electrostatic method in a gated structure. To evaluate the influences of the geometrical parameters-including the gate-hole radius R, nanowire radius r 0 , nanowire length L, and gate-anode distance d 2 for ␤-the authors proposed an ideal model of the gated single nanowire ͑L Ͻ d 1 ͒, where d 1 is the gate-cathode space. The calculation results showed that ␤ decreases rapidly with both R and r 0 and eventually saturates to a fixed value if R tends to infinity. It increases almost linearly with an increase in the nanowire height. When d 2 is not much larger than d 1 and R, ␤ decreases slightly as d 2 increases, but the effect of the gate-anode distance on ␤ can be ignored if d 2 is infinite. These results provide useful information on fabricating and designing gated nanowire cold cathodes for field-emission display panels and other nanoscale triodes.
The field-enhancement factor ␤ on an individual nanowire with flattop was calculated analytically by the electrostatic method in a gated structure. To evaluate the influences of the geometrical parameters-including the gate-hole radius R, nanowire radius r 0 , nanowire length L, and gate-anode distance d 2 for ␤-the authors proposed an ideal model of the gated single nanowire ͑L Ͻ d 1 ͒, where d 1 is the gate-cathode space. The calculation results showed that ␤ decreases rapidly with both R and r 0 and eventually saturates to a fixed value if R tends to infinity. It increases almost linearly with an increase in the nanowire height. When d 2 is not much larger than d 1 and R, ␤ decreases slightly as d 2 increases, but the effect of the gate-anode distance on ␤ can be ignored if d 2 is infinite. These results provide useful information on fabricating and designing gated nanowire cold cathodes for field-emission display panels and other nanoscale triodes. © 2009 American Vacuum Society. ͓DOI: 10.1116/1.3205005͔
I. INTRODUCTION
Nanowires are one of the most exciting discoveries in nanoscale physics. 1, 2 They are one of best electron-emitting materials available because of their remarkable fieldemission properties for application to vacuum microelectronic devices. [3] [4] [5] The unique structure of nanowires can generate a large electric-field enhancement. This leads to a greater local field at the top of nanowires, and the emission electrons can penetrate the potential barrier into the vacuum using the tunneling effect.
6,7 A higher current density occurs at a low external electric field. Therefore, nanowires are considered ideal candidates for next-generation field emitters for flat-panel displays, field-emission electron sources, and microwave power amplifiers. [8] [9] [10] Studies have shown that many parameters, including the aspect ratio of nanowires, anode-cathode distance, and interwire distance, can influence the field-emission properties of the nanowires. [11] [12] [13] [14] [15] [16] [17] [18] In particular, the gate-hole radius, gateanode distance, and gate voltage can affect the emission properties of the nanowires in triodes or gated devices. [19] [20] [21] [22] [23] [24] [25] The field-enhancement factor is an important factor that indicates the field-emission properties of field-emission cold cathode devices. It is generally related linearly to the aspect ratio of nanoemitters in diode models. At present, such studies have mainly concentrated on diode structures. Wang and co-workers, 16, 17 using the image method and floated-sphere model, explained the influence of the intertube distance and anode-cathode distance for the field-enhancement factor on a planar cathode surface. Many experimental and theoretical analyses have proven [22] [23] [24] [25] that the electric field at the nanoemitter top surface is a linear equation of the anode V a and gate V g voltages in the triodes. Nicolaescu and co-workers 22, 24, 25 reported the relationship between the field correlation factors and the geometrical parameters of the nanotriode using the numerical simulation method and SIMION 3D 7.0. The variation behaviors of the field correlation factors for the gate-hole radius, emitter height, and top radius of the nanowire were developed. The computer simulation and numerical calculation methods ͑for solving Laplace's equation͒ were successful in calculating the field distribution at the top of the nanowire and the field-enhancement factor in various cases. However, there is a need for model systems that can be solved analytically, from which the variation in the enhancement factor for various parameters can be easily determined. In this article, the actual fields at the top surface of the gated nanowire and the enhancement factor of the apex were a͒ Author to whom correspondence should be addressed; also at Laboratory of Excited-State Processes, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, Changchun 130033, China; electronic mail: wangwbt@126.com calculated for the case where the nanowire is lower than that of the gate plane. The field-enhancement factor is expressed
and are functions of the geometrical parameters, and V g and V a are the gate and anode voltages, respectively. Finally, we investigated the behavior of the field-enhancement factor versus gate-hole radius, nanowire radius, nanowire length, and gate-anode distance. The variation behavior of fieldenhancement factor for geometrical parameters agrees with the theoretical results. 24, 25 These results provide useful information on fabricating and designing gated nanowire cold cathodes for field-emission display panels and other nanoscale triodes.
II. MODELING AND CALCULATIONS

A. Model
The model system of the gated single-nanowire cold cathode is described as follows. One of the nanowire with a flattop is regarded as the emitter of the cold cathode, which is considered a conductive cylinder with radius r 0 , placed vertically on an infinite cathode plane under the center of the gate circular hole with radius R ͑several micrometers͒, as shown in Fig. 1 . Another infinite thin plane, which is taken as the gate electrode with a potential of V g , where the thickness of plane can be neglected, is parallel to the cathode plane and the spacing to the cathode is d 1 ͑several micrometers͒. The potential of the nanowire surface is maintained at zero, which is equal to the cathode potential.
In the two-dimensional model, an additional anode electrode with V a potential is introduced and is parallel to the gate electrode, where d 2 is the space from the gate electrode, as shown in Fig. 2 . To simulate the field emission from the gated nanowire, we assume that the height of the nanowire is L, and the space-charge effects and edge effects of the devices are neglected.
B. Field calculations near the nanowire
The cylindrical coordinate system was used, and the origin was selected at the intersection point of the cathode plane and tube axis. Because space-charge effects are ignored, the potential distribution near the nanowire in the triode satisfies Laplace's equation,
The boundary conditions of the potential distribution are as follows:
Solutions for potential will be obtained for the two regions, z ഛ L and z ജ L, and will be matched at Z = L, r = R. Thus, the solutions of Eq. ͑1͒ can be obtained by separation of variables when k = 0 and k Ͼ 0, respectively, ⌽͑z,r͒ = ͑az + b͒͑A ln r + B͒ ͑k = 0͒, ͑2͒
⌽͑z,r͒ = ͓aЈ exp͑kz͒ + bЈ exp͑− kz͔͓͒AЈJ 0 ͑kr͒
where k, a, b, A, B, aЈ, bЈ, AЈ, and BЈ are constants and J 0 ͑kr͒ and N 0 ͑kr͒ are Bessel and Neumann functions of the order of zero, respectively. The function ⌽͑z , r͒ must be of finite value in the region L ഛ z ഛ ͑d 1 + d 2 ͒ because the potentials are finite in our model. However, as r tends to zero, then the two terms ln͑r͒ and N 0 Ј͑kr͒ above are diverge as lim r→0 ln͑r͒ → −ϱ and lim r→0 N 0 ͑kr͒ → −ϱ. Hence, the potential distribution will only be finite when A =0, BЈ = 0 in Eqs. ͑2͒ and ͑3͒, which become
⌽͑z,r͒ = AЈ͓aЈ exp͑kz͒ + bЈ exp͑− kz͔͒J 0 ͑kr͒. ͑5͒
Considering the boundary conditions ͉͑‫ץ‬⌽ / ‫ץ‬r͉͒ z=͑d 1 +d 2 ͒ = 0 and ͉⌽͉ z=d 1 +d 2 = V a , the potential distribution over the top of the nanowire may be expressed by
where C k is constant. This solution will be approximated by using only one value of k. This value of k is defined later by Eq. ͑14͒. The local electric fields are only calculated near the surface of the nanowire ͑in the region r ഛ R͒ in our work. Therefore, it is not necessary to consider the potential distribution in the region r Ͼ R when the gate-hole radius is much larger than the nanowire radii r 0 . According to the properties of Bessel functions and the boundary conditions ͉⌽͉ z=d 1 r=R = V g and ͉⌽͉ z=L r=r 0 = 0, the approximate solution of the electric potential over the top of the nanowire in the region r ഛ R is
where k 1 , a, and C are constants and a and C are determined by the following equations:
respectively. In obtaining these relations, exp͑−2k 1 d 2 ͒ has been ignored in comparison with 1. Hence, the fields over the top of the nanowire can be expressed by
͑9͒
We now consider a second solution for potential for use in the region z Ͻ = L. Similarly, considering the boundary conditions ͉⌽͉ z=0 = 0 and ͉⌽͉ r=r 0 = 0 in the case of 0 ഛ z ഛ L, the electric potential distribution near the outside of the nanowire can be expressed by
where A i Љ͑i =1,2,3, ...͒ are constants.
On the other hand, the electric potential must be a solution of Laplace's equation ͑1͒, so Eq. ͑10͒ can be rewritten as ⌽͑z , r͒ = ͚⌿ 1 ͑z͒ ϫ⌿ 2 ͑r͒, where ⌿ 1 ͑z͒ and ⌿ 2 ͑r͒ are functions of z and r, respectively. From Eq. ͑3͒, we can see that the function ⌿ 2 ͑r͒ can be expressed as a linear superposition of both Bessel J 0 ͑kЈr͒ and Neumann N 0 ͑kЈr͒ functions in the range of kЈ Ͼ 0, i.e., 
The potential and axial electric fields should be continuous at z = L for r Ͻ R. To approximate this condition, we set Eq. ͑7͒ equal to Eq. ͑11͒ at z = L, r = R. Thus, U m obtained from Eqs. ͑7͒ and ͑11͒ and expressions of a and C is
Hence, the following corresponding electric-field intensities near the outside of the nanowire are obtained as:
where E sr and E sz are the electric-field intensities in the radial and axial directions in the case of r ജ r 0 , 0ഛ z ഛ L. In addition, Eq. ͑14͒ can be obtained if we assume that the potentials amount to about V g L / d 1 at the points of z = L, where r ജ R because the electric field in the triode tends to a uniform field when r tends to infinity,
͑14͒
Thus, k 1 is determined by Eq. ͑14͒.
III. FIELD-ENHANCEMENT FACTOR
The field-enhancement factor ␤ is defined as ␤ = E a / E m , 16, 17 where E a is the actual electric field at the apex of the nanowire and E m is the macroscopic applied electric field. To compute the enhancement factor, the actual electric field on the edge of the nanowire is calculated from Eqs. ͑9͒ and ͑13͒ at r = r 0 , z = L. Thus, the actual electric field at the top edge of the nanowire can be expressed by
E tr expresses only the electric field over the top of nanowire at the radial direction and is discontinuous on the flattop of the nanowire so it does not explain the part of electric field on the nanowire top edge at the radial direction as z = L, r = r 0 . Thus we choose to use E sr as the electric field on the nanowire top edge at radial direction in Eq. ͑15͒. According to our model, the macroscopic electric field between the anode and the cathode can be expressed as E m = V a / ͑d 1 + d 2 ͒ in the diode structure ͑without a gate electrode͒, which corresponds to macroscopic electric field in this study. Hence, obtained the field-enhancement factor is obtained by
where
, and are called the anode field correlation factor and the gate field correlation factor, 24, 25 which are determined by
respectively.
IV. RESULTS AND DISCUSSION
To particularize the influences of the geometrical parameters on field-enhancement factor, the variation behaviors of the enhancement factor for d 2 Fig. 4 . Figure 5 shows the influence of the nanowire radius on the enhancement factor at d 2 = 500 m, R =5 m, and L = 9.8 m. We can see that the enhancement factor decreases as the nanowire radius increases. The above variation behaviors are similar to the behavior of enhancement factors for individual nanowires on the planar cathode. [11] [12] [13] [14] [15] [16] [17] [18] The enhancement factor as a function of the gate-hole radius at d 2 = 500 m, r 0 = 10 nm, and L = 9.8 m is shown in Fig. 6 . We find that the enhancement factor decreases greatly as the gate-hole radius increases and tends to a fixed value if R tends to infinity. This is because the influences of the gatehole brim for the electric field at its center are very weakly when a larger gate-hole radius. These results agree with numerical simulation results.
24,25
V. CONCLUSION
An ideal model, i.e., a gated single open nanowire cold cathode is proposed, and we investigated the actual electric field at the nanowire apex, field correlation factors, and enhancement factor. The calculation results agree well with experimental and theoretical results. [19] [20] [21] [22] [23] [24] [25] Therefore, they provide useful information in fabricatining and designing gated nanowire cold cathodes for field-emission display panels and other nanoscale triode devices.
